In this paper, we investigate the combined effects of suction/injection and asymmetric Navier slips on the entropy generation rate in a steady flow of an incompressible viscous fluid through a porous channel subjected to non-uniform temperature at the walls. The nonlinear model problem is tackled numerically using shooting quadrature. Both the velocity and temperature profiles are obtained and utilized to compute the entropy generation number. The effects of slip parameter, Brinkmann number, the Peclet number and suction/injection Reynolds number on the fluid velocity, temperature profile, skin friction, Nusselt number, entropy generation rate and Bejan number are depicted graphically and discussed quantitatively.
Introduction
Rapid progress in science and technology has led to the development of an increasing number of flow devices that involve the manipulation of fluid flow in various geometries. Many textbooks of fluid dynamics fails to mention that the no-slip condition remains an assumption due to unusual agreement with experimental results for a century. Nevertheless, another approach was supposed that fluid can slide over a solid surface because the experimental fact was not always accepted in the past. Navier (1823) proposed general boundary conditions which include possibility of fluid slip at the solid boundary. He proposed that velocity at a solid surface is proportional to the shear stress at the surface. The phenomenon of slip occurrence has been demonstrated by the recent theoretical and experimental studies, these include; Sahraoui and Kaviany (1994) Moreover, entropy generation in engineering and industrial flow systems provides insight into the power consumption through thermodynamic losses. Therefore, the entropy minimization provides power optimization for the fluid motion in the porous channel. Efficient energy utilization during the convection in any fluid flow is one of the fundamental problems of the engineering processes to improve the system. Consequently, investigation of entropy generation due to combined effects of wall suction/injection, Navier slip and non-uniform surface temperature become essential. In a pioneering work, Bejan (1982) presented the analysis of thermodynamic second-law to inherent irreversibility in heat transfer with respect to thermal design of an engineering system. Thereafter, considerable research studies were carried out to investigate entropy generation such as: Bejan (1996) Meanwhile, fluid flow through a porous channel has been studied theoretically and experimentally by numerous authors due to its wide applications in various fields such as diffusion technology, transpiration cooling, hemodialysis processes, desalination, flow control in nuclear reactors, etc. In a pioneering work, Berman (1953) presented an exact solution of the Navier-Stokes equations that describes the steady two-dimensional flow of an incompressible viscous fluid along a channel with parallel rigid porous walls, the flow being driven by uniform suction or injection at the walls. Thereafter, many authors such as Terrill (1964 Terrill ( , 1965 , Makinde (1998) , Robinson (1976) , Brady (1984) , Makinde (2011) , etc., have extended and reconsidered the problem under various physical conditions. To the best of authors' knowledge, none of these papers have addressed combined effects of wall suction/injection and asymmetric Navier slips on steady flow in a porous channel with non uniform walls temperature.
In the present study, our objective is to investigate the combined effects of wall suction/injection and asymmetric Navier slips on an incompressible viscous flow in a porous channel subjected to non-uniform walls temperature. The work essentially extends the recent work of Ajibade et al. (2011) to include asymmetric Navier slip and non-uniform wall temperature. The nonlinear model problem is tackled numerically. The paper is organized as follows: in section 2, we define the problem, given the governing equations and present the mathematical formulation. In section 3, we derive the entropy generation rate, skin friction, Nusselt number and Bejan number. In section 4, we present and discuss the pertinent results graphically and quantitatively. Finally, a concluding remark is given in section 5.
Mathematical Model
We consider steady flow of an incompressible viscous fluid through a uniformly porous channel under the combined action of constant axial pressure gradient, wall suction / injection and asymmetric Navier slip as shown in figure 1 below, 
The boundary conditions are
where (1) and (2) are momentum and energy equations respectively, h is the channel width, u is the velocity of the fluid, P is the fluid pressure, V is the uniform suction / injection velocity at the channel walls, µ is the fluid viscosity, α is the thermal diffusivity, k is the thermal conductivity coefficient, P c is the specific heat at constant pressure, T is the temperature, 1 γ and 2 γ are slip coefficients. We introduce the following non-dimensional quantities:
Substituting equation (4) into equations (1)- (3), we obtain 0 Re
with the boundary conditions
where G is the pressure gradient parameter, Moreover, equation (5) subject to boundary conditions in (7) The above coupled nonlinear boundary value problem represented by equations (5)- (6) together with their boundary conditions in equation (7) have been solved numerically using the shooting iteration technique together with Runge-kutta fourth-order integration scheme, Nachtshein and Swigert (1965).
Entropy Generation
Fluid flow and heat transfer processes inside a porous narrow channel are irreversible. The non-equilibrium conditions arise due to the exchange of energy and momentum within the fluid and at porous solid boundaries, thus resulting in entropy generation. Following Bejan (1996) , the volumetric entropy generation rate is given as 2 2
where the first term on the right side of equation (9) is the irreversibility due to heat transfer and the second term is the entropy generation due to viscous dissipation. Using equation (4), we express equation (9) in dimensionless form as (120
It is noteworthy that the Bejan number ranges from 0 to 1 and Be = 0 is the limit where the irreversibility is dominated by fluid friction effects. Be = 1 is the limit where the irreversibility due to heat transfer dominates the flow system by virtue of finite temperature differences. The contribution of both heat transfer and fluid friction to entropy generation are equal when Be = 1/2.
Results and Discussion
In order to validate our results, we have chosen physically meaningful values for the parameters. The Prandtl number was taken in the range of Pr = 0.71 to 7.1 which corresponds to Prandtl number in the range of air and that of water. From our model in Fig. 1 , it is important to note that the fluid suction takes place at the upper wall while the fluid injection occurs at the lower wall simultaneously. In order to validate the accuracy of our numerical procedure, the exact solution obtained in equation (8) is compared with the numerical solution obtained using shooting iteration technique together with Runge-kutta fourth-order integration scheme as illustrated in table 1. A perfect agreement is achieved between the numerical and exact solutions. increasing. An increase in slip coefficient β 1 at the lower wall causes an increase in the velocity at the injection wall while the velocity reversal at suction wall increases slightly. In Fig 4 we observed that an increase in the slip coefficient β 2 at the upper wall causes a little decrease in velocity at injection wall while a large decrease in the fluid velocity is noticed with a high rate of flow reversal at the suction wall. As the pressure gradient increases, the velocity at injection wall increases and attains its maximum value along the channel centerline region. A slight increase in the reverse flow appears at suction wall. 6 shows temperature profile when there is increment in Brinkmann (Br) number due to viscous dissipation effects. The fluid temperature increases with an increase Br with minimum value at the injection wall and maximum value at suction wall satisfying the boundary condition. Fig.7 depicts temperature profile when the Prandtl number is increasing from 0.71 (air) to 7.1 (water). Increase in Prandtl number causes a sporadic decrease in temperature at the injection wall region and a slight decrease in temperature at the suction wall region. Similar trend is observed in fig.8 as the Reynolds number increases. A slight decrease in the fluid temperature is noticed with increasing value of Reynolds number. Fig.9 illustrates the entropy generation rate when Reynolds number is increasing and other parameters remain constant. The entropy production at the injection walls decreases, however, at suction wall, entropy generation rate increases. Fig.10 depicts entropy generation rate when group parameter BrΩ -1 increases due to a combined decrease in the temperature difference parameter and an increase in the viscous heating. As BrΩ -1 increases, the entropy generation rate at both walls increases but more at suction wall. The entropy generation is lowest within the channel centerline region. In fig.11 , an increase in Prandtl number decreases the rate of entropy production at the injection wall but increase entropy generation rate at the suction wall. Figs.12-13 depict entropy generation rate when the slip coefficients are increasing while other parameters remain constant. Increase in β 1 and β 2 decrease entropy generation rate at the injection wall and increase entropy generation rate at the suction wall. Fig.14 shows the effect of an increase in pressure gradient parameter (G) on entropy generation rate. As G increases, an increase in entropy production is observed at both walls but the increment in entropy generation is more at suction wall. Figs. 15-20 illustrate the effects of various thermophysical parameters on the Bejan number. Generally we noticed that heat transfer irreversibility dominates the flow process within the channel centerline region with Bejan number very close to 1, while the little influence of fluid friction irreversibility can be observed at the channel walls. This perfectly agrees with the observation of Ajibade et al. (2011) . In Fig.15 , we observed that increase in Reynolds number; decreases the Bejan number on injection wall and increases the Bejan number on suction wall. This shows clearly that the irreversibility due to fluid friction tends to dominate the flow system at injection wall while heat transfer irreversibility dominates at the suction wall. Fig.16 depicts the effects of increasing group parameter; the Bejan number at both walls decrease leading to increasing influence of fluid friction irreversibility. Figs.17-18 demonstrate the effects of asymmetric slip coefficients β 1 and β 2 . The Bejan number at injection wall increases while it decreases at the suction wall leading to the increasing influence of heat transfer irreversibility at the lower wall and fluid friction irreversibility at the upper wall. Increase in Prandtl number leads to decrease in Bejan number at injection wall and an increase in Bejan number at the suction wall (see Fig.19 ). Consequently, the fluid friction irreversibility tends to dominate the flow system at injection wall while heat transfer irreversibility dominates at the suction wall. Fig. 20 shows that an increase in axial pressure gradient causes the influence of fluid friction irreversibility at both walls to increase greatly. 
Conclusions
We analyzed in this paper, the combined effects of suction/injection and asymmetric Navier slips on the entropy generation rate in a steady flow of an incompressible fluid through a porous channel with non uniform walls temperature, putting into consideration that these will be of help in upgrading the system in terms of energy loss. Our results revealed among others the presence of flow reversal at the channel's upper wall due to suction. The heat transfer irreversibility dominates the flow process within the channel centerline region, while the influence of fluid friction irreversibility can be observed at the channel walls. However, as the values of asymmetric slip parameters increase, the dominance effects of heat transfer irreversibility at the lower wall and fluid friction irreversibility at the upper wall increase. Entropy generation minimization has become most important area of research for scientists and engineers in this crucial time. Moreover, with appropriate combination of thermophysical parameter values, entropy minimization can be achieved in a flow process.
